HIV protease inhibitors (HIV-PIs 1 ) are designed to inhibit the HIV aspartyl protease, which is required for generating viral core proteins (1) . HIV-PIs have become essential elements of modern antiretroviral regimens, but they have been associated with significant side effects, including partial lipodystrophy and metabolic syndrome (2) (3) (4) . Similar disease phenotypes have been observed in association with missense mutations in LMNA (the gene for lamins A and C) (5, 6) and with genetic defects associated with defective conversion of prelamin A to mature lamin A (7) (8) (9) .
In 2003, Caron et al. (10) reported that a pair of HIV-PIs, indinavir and nelfinavir, appeared to lead to the accumulation of small amounts of prelamin A in a preadipocyte cell line. This finding was intriguing, but the biochemical mechanism was obscure. Potentially, this finding could have been due to the inhibition of any of four different enzymatic steps in prelamin A metabolism. The biogenesis of mature lamin A from prelamin A involves (1) farnesylation of a carboxyl-terminal cysteine by protein farnesyltransferase; (2) the removal of the last three amino acids of prelamin A [a redundant enzymatic activity of Ras converting enzyme 1 (RCE1) and ZMPSTE24]; (3) the methylation of a newly exposed farnesylcysteine by isoprenylcysteine carboxyl methyltransferase residues of the protein, including the farnesylcysteine methyl ester, by ZMPSTE24 (11) . Steps 2-4 are utterly dependent on the first posttranslational processing step, protein farnesylation.
Recently, our laboratories showed that several HIV-PIs, but notably lopinavir, lead to substantial prelamin A accumulation in cultured cells at therapeutically relevant concentrations, and we went on to identify the biochemical mechanism (12) . Lopinavir blocked the enzymatic activity of ZMPSTE24, but it had no effect on protein farnesyltransferase.
In our initial studies (12) , we noted that the electrophoretic migration of prelamin A differed in cells treated with lopinavir and cells treated with a farnesyltransferase inhibitor (FTI). We speculated that the difference was due to the fact that prelamin A was farnesylated in the setting of the HIV-PIs, but this issue was never settled. In the current study, one of our goals was to determine if the prelamin A that accumulates in the setting of HIV-PIs is farnesylated, as the farnesylation of prelamin A is highly relevant to its toxicity (11) .
A second goal of the current studies was to determine if ZMPSTE24 inhibition is a universal property of HIV-PIs. Most of our early studies focused on lopinavir, a peptidomimetic drug and one of the most widely used and recommended HIV-PIs (13) . In recent years, rational drug design strategies have yielded potent HIV-PIs that are structurally unrelated to lopinavir. One such compound, darunavir, exhibits very high affinity for the HIV protease and is potent in reducing viral loads (14) . In the current study, we tested if darunavir inhibits ZMPSTE24 and leads to prelamin A accumulation in cells. We also examined another HIV-PI, ritonavir. Ritonavir is nearly always prescribed for HIV patients, not for its HIV-PI activity, but because it inhibits an enzyme that metabolizes protease inhibitors (15) . Because it blocks the metabolism of HIV-PIs, ritonavir increases drug levels and improves drug efficacy (15) .
EXPERIMENTAL PROCEDURES
Reagents-All antiretroviral drugs were obtained from the NIH AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH 2 . The HIV-PIs were prepared as 20 mM stock solutions in DMSO. An FTI, lonafarnib (Schering-Plough; Kenilworth, NJ), was prepared as a 10 mM solution in DMSO.
Cell Culture Studies-Human fibroblasts AG07095 were purchased from the Coriell Cell Repository (Camden, NJ). Human ZMPSTE24-deficient fibroblasts were described previously (9) . Mouse embryonic fibroblasts were prepared from Zmpste24 +/+ , Zmpste24 +/-, and Zmpste24 -/-embryos as described (16) . All fibroblasts were cultured in 5% CO 2 at 37º C in MEM (Cellgro; Herndon, VA) or DMEM (Invitrogen; Carlsbad, CA) containing 10% fetal bovine serum (HyClone; Logan, UT), 2 mM L-glutamine (Invitrogen), and vitamin and amino acid supplements (Cellgro).
Antibodies and Western Blots-Cell extracts were separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen) and then transferred to a sheet of nitrocellulose membrane (Bio-Rad; Hercules, CA). For western blots of human DnaJ 2 (HDJ-2), cell extracts were separated on 15% acrylamide/0.08% bisacrylamide gels (17) . Antibodies obtained from Santa Cruz Biotechnology (Santa Cruz, CA) were diluted as follows: anti-lamin A/C goat polyclonal antibody SC-6215 (1:400), anti-GFP mouse monoclonal antibody SC-9996 (1:1000), anti-actin goat polyclonal SC-1616 (1:1000), and anti-lamin A rabbit polyclonal SC-20680 (1:400). A mouse monoclonal antibody against HDJ-2 (clone KA2A5.6, Lab Vision) was diluted 1:400. A prelamin A-specific antibody was prepared by immunizing rabbits with a nonfarnesylated prelamin A peptide, LLGNSSPRSQSSQN; the antibody was used at 1:4000. Binding of primary antibodies was detected with the Odyssey Infrared Imaging System (Li-Cor Biosciences; Lincoln, NE) with IR-Dye 800CW-and IR-Dye 700DX-conjugated anti-goat, anti-mouse, and anti-rabbit polyclonal antibodies (1:8000) (Rockland; Gilbertsville, PA). In some experiments, binding of primary antibodies was detected with a horseradish peroxidase-linked anti-rabbit IgG antibody (GE Healthcare; Piscataway, NJ) (1:4000) and the ECL Plus Western Blotting Detection system (GE Healthcare). 
Assessing

Cell
Transfections-HeLa cells or immortalized mouse fibroblasts were grown to 80% confluency and transfected with prelamin A fusion constructs using the Fugene HD Transfection Reagent (Roche Applied Science; Indianapolis, IN) (12) . Stably transfected HeLa cells expressing the prelamin A-GFP fusion were isolated after 10 days of selection in hygromycin (500 µg/ml) (Sigma; St. Louis, MO). In some studies, stably transfected HeLa cells were grown for up to 16 days with HIV-PIs and the cells were split 1:4 every 4 days.
Defining the Intracellular Localization of
Prelamin A Fusion Proteins-Cells were plated on coverslips in 24-well plates and grown in the presence or absence of different HIV-PIs. After removing the cell culture medium, cells were washed with PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 .
Cells were fixed with 4% paraformaldehyde in PBS containing 1 mM CaCl 2 and 1 mM MgCl 2 for 10 min at room temperature and then incubated for 10 min with 2 µg/ml 4′, 6-diaminido-2-phenylindole, dihydrochloride (DAPI; Invitrogen) to visualize nuclear DNA. Coverslips were mounted onto slides with the Prolong Gold antifade reagent (Invitrogen). Images of cells were recorded sequentially on a Leica TCS-SP MP laser-scanning confocal microscope (Heidelberg, Germany) with a 100× objective, and merged images were generated with Leica confocal software (version 2.5). (20) were prepared from the following yeast strains:
Endoprotease-Coupled Methylation Assays and Other Enzymatic Assays-Membrane fractions
Δste24Δrce1 (21); Δste24Δrce1 overexpressing mouse ZMPSTE24 (pMB4) (21) or mouse RCE1 (pCH10HA-N-Δ1-21-mRCE1) (21); CH2733, Δste24Δrce1 yeast overexpressing Ste14p, the yeast orthologue of mammalian ICMT (pCHH10m3N-Ste14); and CH2766, Δste14 yeast overexpressing human ICMT (pCHH10m3N-hICMT) (22) . The substrate for the endoproteasecoupled methylation assay was a farnesylated afactor peptide [YIIKGVFWDPA(farnesyl)CVIA] (synthesized by California Peptide Research; Napa, CA). Endoprotease-coupled methylation assays of ZMPSTE24 activity were performed by mixing 5 µg Δste24Δrce1 membranes overexpressing mouse ZMPSTE24, 8 µg CH2733 membranes, the farnesylated peptide (5 µM), and 20 µM S-adenosyl-L-[methyl-14 C]methionine (55 Ci/mol; GE Healthcare) in 100 mM Tris-HCl, pH 7.5, in a final volume of 60 µl. Reactions were performed in the presence and absence of HIVPIs. After incubating the reactions at 30º C for 30 min, the reactions were stopped with 50 µl of 1 M NaOH/1% SDS; the reactions were then spotted on a pleated filter paper, and [
14 C]methanol was allowed to diffuse into scintillation fluid for 2.5 hours and quantified by scintillation counting (23) . RCE1 and ICMT activities were measured as previously described (12) .
RESULTS
We showed previously that treatment of fibroblasts with lopinavir and atazanavir caused prelamin A to accumulate (12) .
In many experiments, prelamin A detected in extracts from HIV-PI-treated cells migrated more rapidly on SDS-polyacrylamide gels than prelamin A obtained after FTI treatment. The more rapid electrophoretic mobility of prelamin A in HIV-PItreated cells might be explained by a difference in protein farnesylation. To explore this issue, we metabolically labeled lopinavir-treated human fibroblasts with 8-anilinogeraniol (AG), an analogue of farnesol (18) . This compound is taken up by cells, phosphorylated, and then used as a substrate by protein farnesyltransferase for modifying proteins (of note, AG is not a substrate for geranylgeranyltransferase I). The farnesyltransferase-dependent modification of proteins by AG can be detected by western blotting with an AG-specific monoclonal antibody (18) .
We found that the prelamin A that accumulates in lopinavir-and atazanavir-treated cells was farnesylated, as judged by the incorporation of AG (Fig. 1A) . This prelamin A protein was readily detectable with antibodies against lamin A/C or prelamin A (Fig. 1A) . The intensity of the prelamin A band in lopinavirtreated cells was 28.5% of that of lamin C, as judged by infrared image quantification. Of note, darunavir did not lead to an accumulation of prelamin A (Fig. 1A) .
In a parallel experiment, AG was incorporated into the prelamin A of ZMPSTE24-deficient fibroblasts isolated from a patient with restrictive dermopathy (RD), and also into lopinavir-treated wild-type human fibroblasts (Fig. 1B) .
As expected, the incorporation of AG into the prelamin A of RD fibroblasts could be eliminated with a highly specific FTI (Fig. 1B) . The FTI, but not lopinavir, inhibited the farnesylation of HDJ-2, a farnesylated protein widely used as a biomarker for protein farnesylation (24) .
The studies with human fibroblasts indicated that darunavir does not cause prelamin A accumulation (Fig. 1A) .
To explore this observation, we treated mouse wild-type fibroblasts and fibroblasts with half-normal levels of ZMPSTE24 (i.e., Zmpste24 +/-fibroblasts) with darunavir as well as several other HIV-PIs (Fig.  2) . Prelamin A accumulation was observed in wild-type fibroblasts treated either with lopinavir or the FTI, but not in cells treated with darunavir (Fig. 2) .
Small amounts of prelamin A accumulation were observed in atazanavir-treated wild-type fibroblasts. In Zmpste24 +/-fibroblasts, treatment with lopinavir or atazanavir (20 µM for 48 h) led to a significant accumulation of prelamin A (the prelamin A bands were 27 and 10.9%, respectively, compared to lamin C) (Fig. 2) . Prelamin A was detectable in the darunavir-treated cells, but not above the levels observed in cells treated with vehicle (DMSO) alone (Fig. 2) .
Additional studies revealed that lopinavir and atazanavir, but not darunavir, interfered with the processing of a green fluorescent protein (GFP)-prelamin A fusion protein that contained the last 117 amino acids of prelamin A (Fig. 3A) . In the absence of HIV-PIs, most of the fusion protein was fully processed, as judged by western blots with antibodies specific for prelamin A or GFP. Lopinavir and atazanavir (20 µM for 6 days) partially blocked the processing of the fusion protein, resulting in an accumulation of an unprocessed protein (the band intensities of the unprocessed protein were 32.4 and 20.6%, respectively, of the fully processed protein). Darunavir (20 µM for 6 days) had no effect on the processing of the fusion protein (the amount of the unprocessed protein was 4.3% of the fully processed protein, compared with 7.2% for the DMSO control) (Fig. 3B) .
Increasing the concentration of darunavir to 80 µM had no effect on the processing of the GFP-prelamin A fusion protein (not shown).
Processing of the GFP-prelamin A fusion protein by ZMPSTE24 would cause the loss of its hydrophobic carboxyl-terminus (i.e., the segment containing the farnesylcysteine methyl ester). We suspected that this proteolytic processing step would alter the intracellular localization of the fusion protein. Indeed, this was the case. In wildtype mouse fibroblasts, the GFP-prelamin A fusion protein was uniformly distributed within the cell (Fig. 4A) . In Zmpste24 -/-fibroblasts, the fusion protein was excluded from the nucleoplasm (Fig. 4A) . We hypothesized that a mutation designed to block ZMPSTE24 cleavage would also prevent the fusion protein from entering the nucleus. To test this hypothesis, we generated a DsRed-prelamin A fusion protein and changed the leucine at residue 647 to arginine. This missense mutation prevents the ZMPSTE24 cleavage reaction (25) and completely blocked the processing of the mutant (L647R) fusion protein (Fig. 4B) . As expected, the mutant DsRedprelamin A fusion protein was not present in the nucleoplasm of transfected HeLa cells (Fig. 4B) . In contrast, a GFP-prelamin A fusion without the missense mutation was uniformly distributed in the cell (Fig. 4B) ; the same uniform distribution was observed for a DsRed-prelamin A fusion protein without the missense mutation (not shown). When HeLa cells expressing the GFPprelamin A fusion protein were treated with lopinavir (20 µM), the fusion protein was excluded from the nucleoplasm (Fig. 4C) , similar to when the GFP-prelamin A fusion protein was expressed in Zmpste24 -/-cells (Fig. 4A) . When the transfected HeLa cells were treated with darunavir (20 µM), there was no change in the intracellular localization of the fusion protein (Fig.  4C ).
ZMPSTE24 enzymatic activity can be measured with an endoprotease-coupled methylation assay using a farnesylated a-factor substrate (21) . In this assay, ZMPSTE24 cleaves the carboxyl terminus of a-factor, rendering it susceptible to methylation by Ste14p in the presence of S-adenosyl-L-[methyl-14 C]methionine. Methylation of the substrate can then be quantified by scintillation counting.
Lopinavir strongly inhibited ZMPSTE24, while atazanavir inhibited ZMPSTE24 modestly (Fig. 5A) . Neither darunavir nor its parent molecule amprenavir inhibited ZMPSTE24 (Fig. 5A) . None of the drugs affected the enzymatic activities of RCE1 or ICMT (Figs.
5B & 5C).
The fact that darunavir does not block ZMPSTE24 is a potentially attractive property. However, darunavir and most other HIV-PIs are generally administered with ritonavir, an HIV-PI that is given not for its antiretroviral effects but because of its ability to block the metabolism of HIV-PIs (15) . Of note, ritonavir inhibits the enzymatic activity of ZMPSTE24 (Fig. 5A ) and leads to a modest accumulation of prelamin A in human fibroblasts (Fig. 6A) . Adding ritonavir (20 µM) to HeLa cells expressing the GFP-prelamin A fusion protein inhibited the processing of the fusion protein (Fig. 6B) . Also, in the presence of ritonavir, the GFP-prelamin A fusion was excluded from the nucleoplasm (Fig. 4C) .
DISCUSSION
We previously showed that lopinavir treatment of mouse and human fibroblasts inhibits ZMPSTE24 and leads to an accumulation of a prelamin A species that has more rapid electrophoretic mobility than the prelamin A that accumulates in FTI-treated cells. We speculated that the difference in electrophoretic mobility might be due to the fact that the prelamin A in HIV-PI-treated cells was farnesylated. In the current study, we show, using metabolic labeling experiments with a chemical analogue of farnesol, that the prelamin A accumulating in HIV-PItreated cells is indeed farnesylated. We also show that the prelamin A in ZMPSTE24-deficient human fibroblasts is farnesylated. Documenting the farnesylation status of the prelamin A in HIV-PI-treated cells is important, simply because substantial evidence indicates that farnesylprelamin A is toxic to cells (11, 26, 27) . The accumulation of farnesyl-prelamin A in restrictive dermopathy is known to cause misshapen cell nuclei and severe progeroid syndromes in humans (9, 28) . Moreover, treating ZMPSTE24-deficient cells with an FTI reduces the frequency of misshapen nuclei (29) , and treating Zmpste24 -/-mice with an FTI significantly reduced disease phenotypes (30) .
We also found that a new and potent HIV-PI, darunavir, does not inhibit ZMPSTE24 activity, unlike lopinavir. Our data were very consistent: darunavir does not block the biochemical activity of ZMPSTE24; it does not lead to an accumulation of prelamin A in mouse and human fibroblasts; and it does not interfere with the processing of the wild-type GFP-prelamin A fusion protein. In our cell culture experiments, we generally used HIV-PI concentrations of 20 µM because that level is near the upper limits of therapeutic levels in lopinavir-treated patients (31) . Typical therapeutic levels for darunavir ranged 0.2-18.6 µM (32), similar to the 20 µM concentration used in the current study. Even at 80 µM concentrations, darunavir did not cause prelamin A accumulation in cells. In view of these considerations, it is unlikely that therapeutic levels of darunavir would result in prelamin A accumulation in human patients. In our studies, atazanavir was less potent than lopinavir in inhibiting ZMPSTE24 or causing an accumulation of prelamin A.
While both HIV protease and ZMPSTE24 are clearly inhibited by lopinavir, ritonavir, and atazanavir, the molecular basis for this inhibition remains to be determined. The two enzymes display no sequence homology and have very different structures (the HIV protease is a soluble dimeric aspartyl protease and ZMPSTE24 is an integral membrane zinc metalloproteinase). However, the overall structures of the transition states of the two proteases contain similarities that could explain how a single inhibitor could affect both enzymes (33) .
A detailed molecular understanding of this issue, however, will likely require a crystal structure of ZMPSTE24, with and without HIV-PIs. We hope that this information will ultimately become available, as the structure of another membrane zinc metalloproteinase, the site-2 protease, was recently solved (34) .
With regard to the different HIV-PIs, it is noteworthy that they vary quite substantially in terms of their structures. Early HIV-PIs were designed to mimic the binding of substrate to the catalytic site of the HIV protease. Thus, most of the early inhibitors were peptidomimetic compounds based on the scissile bond Phe-Pro; lead compounds were then further modified to improve bioavailability and other pharmacologic properties (35) . Both lopinavir and ritonavir were derived from the same first-generation HIV-PI, saquinavir, a transition-state analogue. Two heterocyclic substitutions in ritonavir increased potency and bioavailability, and the addition of a cyclic urea moiety at position P2 in lopinavir (see structure in Table 1 ) improved potency against the HIV protease (35). Atazanavir was also derived from saquinavir, with further substitutions designed to improve efficacy against mutant HIV proteases. Darunavir was derived from a different first-generation HIV-PI, amprenavir (14) . Amprenavir is also a transition-state analogue but with a sulfonamide group at P2′ and a tetrahydrofurane group at P2. In darunavir, the addition of a bicyclic tetrahydrofurane group at P2 (see structure in Table 1 ) dramatically increases its interactions with the active site of the HIV protease (14) . The binding affinity of darunavir for the HIV protease is far higher than that of lopinavir or other HIV-PIs (36) . We suspect that the chemical moieties at positions P2 and P2′ of darunavir, which were designed to maximize interactions with the active site of the HIV protease, could diminish its ability to bind to and inhibit ZMPSTE24 (Table 1) .
Our current studies show that lopinavir, but not darunavir, causes prelamin A accumulation. This study was purely biochemical, and we did not attempt to investigate the pathological significance of farnesyl-prelamin A accumulation in HIV-PItreated cells or HIV-PI-treated experimental animals. However, we would contend that it is at least plausible that an accumulation of farnesylprelamin A could cause adverse side effects. First, the farnesylated form of prelamin A is targeted to the nuclear rim, where it interferes with the structural integrity of the nuclear lamina and causes misshapen nuclei (26, 27, 29) . Nonfarnesylated prelamin A is found in the nucleoplasm (29, 37) and appears not to interfere with the nuclear lamina. Second, restrictive dermopathy, which is caused by a complete loss of ZMPSTE24, causes farnesyl-prelamin A accumulation and severe disease phenotypes. Finally, Caron and colleagues (38) found that the inhibition of ZMPSTE24 by HIV-PIs is more than a cell culture curiosity. They documented increased amounts of prelamin A in the adipose tissue of HIV patients treated with indinavir or nelfinavir. Those early HIV-PIs are no longer widely used, but we have documented that nelfinavir inhibits the activity of ZMPSTE24 and leads to an accumulation of prelamin A in fibroblasts (not shown).
In our studies, lopinavir and ritonavir but not darunavir clearly changed the localization of a GFP-prelamin A fusion protein in HeLa cells, preventing the fusion protein from entering the nucleus. An identical mislocalization of the GFPprelamin A fusion protein was produced by interfering with the final prelamin A cleavage reaction, either by inactivating Zmpste24 or by introducing a missense mutation that renders the fusion protein resistant to cleavage by ZMPSTE24. The finding that the noncleavable, farnesylated prelamin A fusion was excluded from the nucleus was actually not surprising. More than ten years ago, long before ZMPSTE24 or its role in prelamin A processing had been identified, Hennekes and Nigg (39) constructed a noncleavable prelamin A fusion protein and found that it could not enter the nucleus. A similar phenomenon occurs with the farnesylated protein N-Ras. Choy and colleagues (40) showed that a "wild-type" GFP-N-Ras is excluded from the nucleus, whereas the introduction of a mutation preventing protein farnesylation resulted in a uniform distribution of the fusion protein within the cell. The finding that a GFP-prelamin A fusion is excluded from the nucleoplasm should be interesting to the pharmaceutical industry, as the prelamin A fusion, in combination with fluorescence microscopy, provides a simple methodology for identifying HIV-PIs that block ZMPSTE24 and those that do not.
The lipodystrophy syndrome in HIV patients taking highly active antiretroviral therapy likely involves multiple drug components (2) and multiple biochemical mechanisms (41) . Additional studies will undoubtedly be required to ascertain the pathological relevance of farnesylprelamin A in the lipodystrophy syndrome in humans. Atazanavir has been reported to be associated with fewer lipodystrophy/metabolic syndrome side effects (42) . Atazanavir is clearly less potent than lopinavir in inhibiting ZMPSTE24 and causing prelamin A accumulation, but whether this biochemical property underlies the more favorable side effect profile is unknown. To the extent that prelamin A is important, one would imagine that darunavir would be far less likely to cause the lipodystrophy/metabolic syndrome, inasmuch as this drug does not inhibit ZMPSTE24 or lead to prelamin A accumulation. Darunavir has been in clinical use for only a short period of time, so its side effect profile, relative to the older HIV-PIs, is not completely established. Sorting out whether darunavir is associated with fewer side effects in human studies could prove to be difficult.
Darunavir is nearly always given alongside ritonavir (14) , an HIV-PI that impedes the metabolism of other HIV-PIs, thereby increasing their plasma levels and their potency in reducing viral loads (15) . In our studies, ritonavir inhibited ZMPSTE24 and led to an accumulation of prelamin A in cultured cells. 
